Introduction
============

Cementocytes are the cellular components of cementum. The cementum, which is the thin mineral layer lining the dental root and connecting the periodontal ligaments (PDLs), functions as the anchor of the teeth to the PDLs and as a regulator of tooth position ([@b1-etm-0-0-9074]). Loss of cementum leads to periodontal disorder and tooth displacement and loss ([@b2-etm-0-0-9074]). It has been previously reported that 48-66% of roots suffer resorption of cementum after orthodontic treatment, indicating the susceptibility of the cementum to orthodontic force ([@b3-etm-0-0-9074]). Although the root\'s outermost layer, the cellular cementum, which is also known as cellular intrinsic fiber cementum, is considered to exhibit a general protective function against resorption, the response and function of cementocytes are largely unknown ([@b4-etm-0-0-9074]).

The limited understanding of the regulatory role of cementocytes under orthodontic stimulation is attributed to: i) *In vitro* difficulties in accessing and characterizing the cementocytes, which are terminally differentiated cells, and are embedded with hard dental roots in small quantities; ii) lack of immortalized cell lines that resemble the phenotypic features of non-proliferating mature cementocytes ([@b5-etm-0-0-9074],[@b6-etm-0-0-9074]); iii) technical challenges in establishing an *in vitro* stress loading model to replicate the orthodontic force on the cementum, using regular two-dimensional (2D) monolayer cultured cells ([@b7-etm-0-0-9074]).

To improve the understanding of cementocytes, the cementocyte cell line IDG-CM6 has been established, and efforts have been made to generate an *in vitro* analysis system ([@b6-etm-0-0-9074]). Force types, such as cyclic tensile and intermittent compression forces, have been used to analyze cementoblasts and periodontal cells ([@b10-etm-0-0-9074],[@b11-etm-0-0-9074]). However, the results of these systems are variable, and the association of these systems with *in vivo* mechanical loading requires additional elucidation. The majority of the stress loading models, which have been developed *in vitro* to study cellular mechanotransduction ([@b11-etm-0-0-9074]), are based on cells cultured in 2D monolayer disks or flasks, which lack the characteristics of the natural tissue microenvironment ([@b11-etm-0-0-9074],[@b14-etm-0-0-9074],[@b16-etm-0-0-9074],[@b17-etm-0-0-9074]). Previous studies have indicated that three-dimensional (3D) cultures can induce differentiation of osteoblasts ([@b18-etm-0-0-9074]), simulate the *in vivo* differentiation pathway ([@b19-etm-0-0-9074]) and replicate a more realistic tissue microenvironment where cells may be subjected to mechanical loading ([@b8-etm-0-0-9074]). 3D cell models are mostly assembled by gels or scaffolds ([@b13-etm-0-0-9074],[@b20-etm-0-0-9074]), both of which can imitate the *in vivo* spatial structure, and demonstrate the features of cells subjected to mechanical forces. Due to their elasticity, collagen gels are widely used as supports and as a transfer of direct compressive force ([@b15-etm-0-0-9074],[@b24-etm-0-0-9074]). These 3D culture models are principally used to study differentiation and mineralization of osteoblasts and osteocytes. However, 3D culture models for *ex vivo* investigation of cementocytes have not been reported to date, to the best of our best knowledge.

The principal aims of the current study were to establish an *in vitro* 3D stress loading model replicating orthodontic force on cementocytes and investigate the response of cementocytes to continuous compressive force of varying magnitude, via evaluating the expression of the biomarkers involved in cementum remodeling.

Materials and methods
=====================

### 2D cell culture

The murine cementocyte-like cell line IDG-CM6 was kindly provided by Professor Lynda F. Bonewald (Indiana University, Indianapolis, USA) and used in the experiments after mycoplasma testing using a mycoplasma detection kit (Beijing Solarbio Science & Technology Co., Ltd.) ([@b6-etm-0-0-9074]). This murine cell line was derived from the cementum of Immortomouse/dentin matrix protein 1 (DMP1)-green fluorescent protein (GFP)^+/--^ mice, and the immortalization was mediated via interferon-gamma (IFN-γ) to express a thermolabile large T antigen, as previously described ([@b6-etm-0-0-9074]). Cells within passages 5-15 were thawed at 33˚C and resuspended in α-minimum essential medium (α-MEM) with L-glutamine and nucleosides (HyClone; Cytiva), supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin. Recombinant mouse IFN-γ (50 U/ml; Thermo Fisher Scientific, Inc.) was also added in the proliferation medium. Cells were then distributed on collagen-coated dishes (rat tail type I collagen at a concentration of 0.15 mg/ml in 0.02 M acetic acid; Corning Inc.) and incubated at 33˚C with 5% CO~2~ for 24 h. At 80-90% confluency, cells were sub-cultured with 0.05% trypsin/0.53 mM EDTA solution (Gibco; Thermo Fisher Scientific, Inc.) at 33˚C for 2 min.

### 3D cell culture system

The 3D culture system was based on a protocol described previously ([@b27-etm-0-0-9074]), which was slightly modified. The cells were resuspended in α-MEM and added to the hydrogel mixture on ice. The constructs comprised 5% FBS (Gibco; Thermo Fisher Scientific, Inc.), 10% 5X αMEM (Gibco; Thermo Fisher Scientific, Inc.), 20% Matrigel (8-12 mg/ml; Corning Inc.), 40% rat tail type I collagen (3.79-4.10 mg/ml; Corning Inc.) and 25% cell suspension (1-2x10^6^ cells/ml), and were neutralized with 1M sodium hydroxide (Merck KGaA). 500 µl of the mixture were distributed per well in a 24-well plate. The plate was subsequently incubated at 37˚C for 1 h for gel polymerization. The proliferation medium was α-MEM supplemented with L-glutamine and nucleosides, 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml) and recombinant mouse IFN-γ (50 U/ml). The cell constructs were cultured at 33˚C with 5% CO~2~ for 24 h.

### Cell osteogenic differentiation

The overexpression of the thermolabile large T antigen, which is a technique widely used in cell line immortalization, induces cell division in immortalized cells ([@b28-etm-0-0-9074]). In a previous study, in the case of the IDG-CM6 cell line, T antigen was expressed at 33˚C, which induced cell division, but the level of T antigen was decreased after culture of the cells for 24 h at 37˚C. In the absence of T antigen, the cells better resemble the mature cementocytes in the osteogenic condition ([@b6-etm-0-0-9074]). To induce cementocyte-like differentiation, IDG-CM6 cells in 2D and 3D cultures were incubated at 37˚C with 5% CO~2~ for 0-35 days. The first day incubated at 37˚C was called day 0. The growth medium was replaced by differentiation medium comprising α-MEM containing 10% FBS, 50 mg/ml ascorbic acid (Merck KGaA), 4 mM β-glycerophosphate (Merck KGaA), penicillin (100 U/ml) and streptomycin (100 µg/ml). The cells were observed by light microscopy (Zeiss GmbH) at x200 magnification every 2-3 days.

### Proliferation assay

The cell proliferation of IDG-CM6 cells under differentiation conditions was assessed via Cell Counting Kit-8 (CCK-8) assay (Shanghai Yeasen Biotechnology Co., Ltd.) according to the manufacturer\'s recommendations. In brief, cells were cultured in the aforementioned 3D culture system and differentiation conditions for 0, 3, 7, 10, 14, 21 and 35 days. The cells at each time point were incubated with CCK-8 solution for 2 h at 37˚C, and the absorbance at a wavelength of 450 nm was measured. The aforementioned IDG-CM6 cells differentiated on conventional monolayer dishes (2D) at each time point were used as the control group.

### Alkaline phosphatase (ALP) staining and ALP activity assay

5-Bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) Color Development kit (Beyotime Institute of Biotechnology) was used for ALP staining according to the manufacturer\'s instructions. The 3D and 2D cultured cells were seeded in 24-well-plates at a density of 2x10^5^ cells/well in differentiation medium at 37˚C with 5% CO~2~ for 0, 5, 7, 10, 14 and 21 days. Subsequently, cells were fixed with 4% paraformaldehyde for 10 min at room temperature. After washing twice with ice-cold PBS, the cells were stained with BCIP/NBT for 45 min at room temperature prior to observation under a scanner (Canon, Inc.).

For the ALP activity assay, 3D and 2D cultured cells were incubated in 24-well-plates at a density of 2x10^5^ cells/well in differentiation medium at 37˚C with 5% CO~2~. After 0, 5, 7, 10, 14 and 21 days of incubation, cells were washed twice with PBS and were lysed on ice for 20 sec in 450 µl ALP buffer with 0.2% TritonX-100 (Beijing Solarbio Science & Technology Co., Ltd.), followed by two freeze-thaw cycles, and the total protein level was subsequently quantified using a BCA kit (Thermo Fisher Scientific, Inc.). A total of 100 µl p-nitrophenyl phosphate (pNPP; Merck KGaA) was added to the same volume of cell lysate, and incubated at 37˚C for 30 min. The absorbance at 405 nm was read in triplicate, and ALP activity was normalized to the total protein level and expressed as µmol pNPP produced per min/mg protein.

### GFP expression

The IDG-CM6 cell line is derived from Immortomouse/DMP1-GFP^+/−^ mice, which dispose a DMP1-cis-regulatory system driving DMP1-induced GFP expression ([@b29-etm-0-0-9074]). Therefore, using IDG-CM6 cells derived from DMP1-GFP^+/−^ mice allowed the identification of DMP1-expressing cells via monitoring the expression of GFP. For the observation of DMP1-GFP, the green fluorescent signal was examined on days 3, 7, 14, 21 and 35 via fluorescence microscopy at x40 magnification (Olympus Corporation). For quantification purposes, 3D and 2D cultured IDG-CM6 cells were incubated in 24-well plates at a density of 2x10^5^ cells/well in differentiation medium at 37˚C with 5% CO~2~. After 0, 7, 14, 21, 28 and 35 days of differentiation, cells were lysed with RIPA buffer (Beijing Solarbio Science & Technology Co., Ltd.) on ice and centrifuged at 12,000 x g for 10 min at 4˚C. The fluorescence intensity of 100 µl cell lysates was measured with an Infinite^®^ 200 fluorescence plate reader (96-well) at an excitation of 460 nm and an emission of 508 nm (Tecan Group, Ltd). The relative fluorescence units were normalized to the total protein concentration quantified by the BCA assay, as previously described ([@b6-etm-0-0-9074]).

### Static compressive loading

The 3D cultured gel with a density of 2x10^5^ cells/gel was transferred to a 12-well plate with differentiation medium after the size of the gel was measured ([Fig. 1](#f1-etm-0-0-9074){ref-type="fig"}). The gels were 137±17 mm in diameter and 1.71±0.08 mm in thickness. Sterilized stainless-steel beads were weighed and placed in a sterilized plastic cylinder. The beads and cylinder were placed onto the gels, using the gravity to replicate the static compression applied to the cells. The pressure loaded on the gel was calculated and adjusted to 2, 4, 6 and 8 g/cm^2^ using the following formula: P=4m/πd^2^ (m, total weight of the beads and cylinder; d, diameter). Previous studies have reported cell response to compressive loading ranging from 1-24 h ([@b11-etm-0-0-9074],[@b19-etm-0-0-9074]). A total of 8 g/cm^2^ of force was applied on the 3D cultured gel for 2-24 h in the preliminary test. It was found that within 6 h, the cell viability did not significantly decrease, but increasing cell death was detected thereafter. Thus, a 6 h duration was used for subsequent tests. During the compression, the cells were incubated at 37˚C with 5% CO~2~.

### Cell viability assay

LIVE/DEAD™ Viability/Cytotoxicity kit (Thermo Fisher Scientific, Inc.) was used for evaluating cell viability according to the manufacturer\'s protocol. A solution of 2 µM calcein acetoxymethyl (calcein AM) and 4 µM ethidium homodimer (EthD-1) was added to the gel sample, and subsequently incubated for 30 min at room temperature. Calcein AM is retained in live cells generating green fluorescence, whereas EthD-1 generates red fluorescence in dead cells ([@b30-etm-0-0-9074]). At least five separate fields at x200 magnification were captured with a fluorescence microscope (Olympus Corporation). Positive cells were counted in each field using ImageJ v1.52 software (National Institutes of Health). Cell viability was calculated as a percentage of the calcein AM positive cells to the total number of cells.

### Reverse transcription-quantitative PCR (RT-qPCR)

The 3D and 2D cultured IDG-CM6 cells were incubated in 24-well plates at a density of 2x10^5^ cells/well in differentiation medium at 37˚C with 5% CO~2~. After 0 and 7 days of differentiation, total RNA of the cells was isolated with a MiniBEST Universal RNA extraction kit (Takara Biotechnology Co., Ltd.) according to the manufacturer\'s instructions. In addition, after static compressive loading for 6 h, the 3D cultured gel with a density of 2x10^5^ cells/gel was ground in liquid nitrogen for 1 min and total RNA was isolated with the same extraction kit. The 3D cultured gel without compressive loading was used as a control. The concentration was calculated by measuring the absorbance at a wavelength of 260 nm using a NanoDrop^™^ 1000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc.). A total of 1 mg RNA was used to synthesize complementary DNA with PrimeScript^™^ RT Reagent kit (Takara Biotechnology Co., Ltd.). The reverse transcription temperature protocol was as follows: 37˚C for 15 min and reverse transcriptase inactivation at 85˚C for 5 sec. RT-qPCR was performed with Applied Biosystems^™^ 7500 Real-Time PCR system (Thermo Fisher Scientific, Inc.), using SYBR^®^ Premix Ex Taq^™^ (Takara Biotechnology Co., Ltd.) as a probe. The mRNA levels of mineral metabolic markers, including sclerostin (SOST), osteoprotegerin (OPG), receptor activator of NF-κB ligand (RANKL) and osteocalcin (OCN) were quantified. The thermocycling conditions of the qPCR was as follows: Initial denaturation at 95˚C for 30 sec; followed by 40 cycles of denaturation at 95˚C for 5 sec, annealing at 60˚C for 34 sec and extension at 72˚C for 30 sec. The results were analyzed with the 2^-ΔΔCq^ method to calculate the relative RNA levels, which were normalized to GAPDH ([@b31-etm-0-0-9074]). The primers were synthesized by Sangon Biotech Co., Ltd., and the primer sequences are listed in [Table I](#tI-etm-0-0-9074){ref-type="table"}.

### Statistical analysis

All experiments were repeated in triplicate. The data are presented as the mean ± standard deviation. The statistical analysis was performed using one-way ANOVA followed by Tukey\'s post hoc test and two-way ANOVA followed by Sidak post hoc test to determine significant differences with SPSS version 19.0 (IBM Corp.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### IDG-CM6 cells exhibit cementocyte-like morphology in both 2D and 3D differentiation conditions

Cementocytes are a type of multi-dendrite cells. The IDG-CM6 cell line is conditionally immortalized with a thermolabile large T antigen, which induces IDG-CM6 cell division ([@b6-etm-0-0-9074]). Following culture of IDG-CM6 cells in the differentiation conditions, the dendritic processes were increased and extended both in the 2D and 3D differentiation system. On day 28 ([Fig. 2A](#f2-etm-0-0-9074){ref-type="fig"}), the canalicular network has been formed by the extending dendrites, which is consistent with the *in vivo* cellular network of cementocytes ([@b5-etm-0-0-9074],[@b6-etm-0-0-9074]). CCK-8 assay was performed to evaluate the proliferation of cementocytes under differentiation conditions in both 2D and 3D groups. In the same differentiation medium, the cells in the 3D system exhibited lower proliferation on day 0 ([Fig. 2B](#f2-etm-0-0-9074){ref-type="fig"}; P\<0.05), however, at day 7, the proliferation of the 3D was faster compared with the 2D group ([Fig. 2B](#f2-etm-0-0-9074){ref-type="fig"}; P\<0.05). With additional differentiation, cell proliferation declined from day 7 to 35 within each group, and no significance between 2D and 3D group was observed ([Fig. 2B](#f2-etm-0-0-9074){ref-type="fig"}).

### IDG-CM6 cell line expresses DMP1 and ALP in the 3D scaffold

DMP1 is a marker for cementocytes. The IDG-CM6 cell line has been demonstrated to express DMP1 under differentiation conditions but not immortalized conditions ([@b6-etm-0-0-9074]). The expression of DMP1 was evaluated via monitoring the expression of GFP, since the IDG-CM6 cell line is derived from the DMP1-GFP^+/−^ mice. GFP expression was not observed in cells cultured in immortalized conditions but in cells in differentiation conditions, starting at day 14 in the 2D group and day 7 in the 3D group ([Fig. 3A](#f3-etm-0-0-9074){ref-type="fig"}). Relative fluorescence units of GFP ([Fig. 3D](#f3-etm-0-0-9074){ref-type="fig"}) showed that after differentiation for 21 to 35 days, the 3D group expressed higher GFP levels compared with the 2D group (P\<0.05). To evaluate the capability of mineral deposition, which is a marker for mineral cell differentiation, ALP staining and ALP activity assay were performed. Decreased expression of ALP was observed in the 3D compared with the 2D group ([Fig. 3C](#f3-etm-0-0-9074){ref-type="fig"}), with a significant difference observed at days 5, 7 and 10 (P\<0.05). On days 14 and 21, ALP expression peaked and exhibited no significant difference between the groups.

### IDG-CM6 cells express OPG, RANKL and SOST mRNA in the 3D differentiation system

OPG, RANKL and SOST are key regulatory cytokines of mechanotransduction, and have been detected in cementocytes ([@b6-etm-0-0-9074]). The RT-qPCR results of the current study indicated that the cells expressed higher levels of these markers under 3D differentiation conditions compared with the 2D group or cells without differentiation (P\<0.05; [Fig. 3E-G](#f3-etm-0-0-9074){ref-type="fig"}).

### Static compressive loading indicates that cell viability is magnitude-dependent

The ratio of living cells (stained in green with LIVE/DEAD staining) to total cells (stained in green and red) was calculated to evaluate the cell viability after compression ([Fig. 4A-C](#f4-etm-0-0-9074){ref-type="fig"}). A preliminary experiment with 8 g/cm^2^ compression force was applied to optimize the treatment time. Cell viability was decreased after 12 h (63.74±3.51%; P\<0.05) and 24 h (59.50±3.21%; P\<0.05) of compression ([Fig. 4B](#f4-etm-0-0-9074){ref-type="fig"}). The expression of SOST ([Fig. 4D](#f4-etm-0-0-9074){ref-type="fig"}) and RANKL ([Fig. 4F](#f4-etm-0-0-9074){ref-type="fig"}) mRNA increased after 6 h of compression, but additional increase was not detected at 24 h. No significant change in OPG expression ([Fig. 4E](#f4-etm-0-0-9074){ref-type="fig"}) was detected at 2, 6 and 24 h of compression. Therefore, 6 h of compression was used for subsequent studies to compare different force magnitudes. Cell viability decreased by values of compressive loading ([Fig. 4C](#f4-etm-0-0-9074){ref-type="fig"}), being the lowest in the 8 g/cm^2^ force group (72.60±0.08%). No significant differences were observed in the 2 or 4 g/cm^2^ force groups, while cell viability was significantly decreased in the 6 and 8 g/cm^2^ pressure groups compared with the control group (P\<0.05, respectively).

### IDG-CM6 upregulates the expression of SOST mRNA and the RANKL/OPG ratio and downregulates OCN in response to compression

SOST is a negative marker of bone formation ([@b32-etm-0-0-9074]), and the increase of SOST mRNA expression after compression was observed in association with the force magnitude ([Fig. 5D](#f5-etm-0-0-9074){ref-type="fig"}), with 8 g/cm^2^ force inducing the highest increase in SOST expression (16.76±6.26 fold-change vs. GAPDH). RANKL expression was also significantly increased under 2, 4, 6 and 8 g/cm^2^ force, however differences between the force magnitudes were only observed between 6 and 8 g/cm^2^(P\<0.05), but not between 2, 4 and 6 g/cm^2^. ([Fig. 5B](#f5-etm-0-0-9074){ref-type="fig"}). IDG-CM6 cells exhibited a decreased OPG expression ([Fig. 5A](#f5-etm-0-0-9074){ref-type="fig"}) in a force magnitude-dependent manner, with the lowest expression observed in the 8 g/cm^2^ force group (0.14±0.15 fold-change vs. GAPDH). Therefore, the RANKL/OPG ratio ([Fig. 5C](#f5-etm-0-0-9074){ref-type="fig"}), which is a marker of bone remodeling during orthodontic tooth movement ([@b33-etm-0-0-9074]), was significantly increased in the 6 and 8 g/cm^2^ force groups compared with the control group (P\<0.05), and peaked in the 8 g/cm^2^ group (53.78±11.86 fold-change vs. GAPDH). OCN is another marker expressed in the cellular cementum and participates in mineral metabolism ([@b5-etm-0-0-9074],[@b34-etm-0-0-9074]). When subjected to compression, a significant decline in OCN expression was observed in the 4, 6, and 8 g/cm^2^ (P\<0.05) force groups compared with the control group, but not in the 2 g/cm^2^ group ([Fig. 5E](#f5-etm-0-0-9074){ref-type="fig"}).

Discussion
==========

The current study described the establishment of a 3D cementocyte differentiation model, which may be used to investigate cellular behavior in response to continuous compressive loading. The results indicated that the 3D differentiation system induced mineralized differentiation of the IDG-CM6 cell line and maintained the cementocyte phenotype. The continuous compression on cementocytes was indicated to induce cell death and the expression of osteoclastogenic markers, which has also been observed in other *in vitro* and clinical studies ([@b16-etm-0-0-9074],[@b35-etm-0-0-9074]). The results of the current study suggested that the response of cementocytes to compression loading may be associated with orthodontic-induced tooth root resorption.

Similar to osteocytes, cementocytes are a group of terminally mature cells that are embedded in hard tissues. The terminal differentiation and surrounding minerals represent challenges for studying the function and biological behavior of cementocytes. Previous studies have focused on *in vivo* methods to explore the impact of external stimulation on the cementum, and have revealed that orthodontic forces, inappropriate occlusion and periodontal inflammation lead to osteoclast differentiation and cementum resorption ([@b3-etm-0-0-9074],[@b4-etm-0-0-9074],[@b16-etm-0-0-9074]). IDG-CM6 is an immortalized cell line, which reproduces the expression profile of cementocytes observed *in vivo* ([@b36-etm-0-0-9074]). Zhao *et al* ([@b6-etm-0-0-9074]) reported that IDG-CM6 presented a different cell behavior in altered culture conditions. In immortalized conditions, the cells have been indicated to exhibit certain features of undifferentiated cells, such as high proliferation and low expression of DMP1, ALP and other mineralization markers ([@b6-etm-0-0-9074]). On the contrary, the absence of thermo-sensitive T antigen has been demonstrated to induce the cells to express these mineralization markers in differentiation conditions ([@b28-etm-0-0-9074]). In the present study, IDG-CM6 cells did not express GFP (which was directly associated with DMP1 expression) under proliferation conditions. The results also indicated that when they were transferred in the differentiation conditions (37̊C without IFN-γ), the cells exhibited decreased proliferation, increased expression of DMP1, ALP activity and expression of mineralization regulators, and differentiated into cementocyte-like cells. These results were consistent with a previous study ([@b6-etm-0-0-9074]). The results of the present study revealed that under the same differentiation conditions, the cells cultured in 3D system expressed a higher level of DMP1, SOST, OPG and RANKL compared with cells cultured in conventional 2D plates. Previous studies have indicated that collagen-based 3D scaffolds facilitated the formation of dendritic processes in mineral cells and replicated the cell network *in vivo* ([@b22-etm-0-0-9074],[@b37-etm-0-0-9074],[@b38-etm-0-0-9074]). It has also been reported that the addition of Matrigel to collagen I maintained the properties of osteocytes and inhibited cell dedifferentiation ([@b26-etm-0-0-9074],[@b39-etm-0-0-9074]). However, to the best of our knowledge, the impact of 3D culture systems on the differentiation of cementocytes has not been reported. In the present study, the lacunar structure of collagen in the 3D culture system may enhance the liquid transfer and the cell network formation, thereby maintaining the cementocyte properties.

DMP1 has been indicated to localize in cementoblasts and cementocytes in human and animal cementum ([@b40-etm-0-0-9074],[@b41-etm-0-0-9074]), acting as a key regulator of the Wnt signaling pathway in mineral metabolism and biomineralization ([@b42-etm-0-0-9074]). During the formation of the cellular cementum, DMP1 protein has been detected in the pericellular cementum of cementocytes, including their processes, but not in cementoblasts ([@b43-etm-0-0-9074]). Bae *et al* ([@b44-etm-0-0-9074]) have reported that the upregulation of DMP1 was associated with the thin and hypomineralized cementum and root dentin of the OC-Cre:Catnb^+/lox(ex3)^ mutant mice, suggesting that DMP1 was involved in the local modulation of the Wnt/β-catenin signaling pathway. In the current study, the cementocytes that were cultured in 3D hydrogel supplemented with differentiation medium, expressed a high level of GFP, which indicated that the cells also expressed a high level of DMP1. In addition, this expression in the 3D model was observed higher than 2D culture at day 21, 28 and 35, indicating a more differentiated cell type.

Increased ALP activity in the 2D culture group compared with 3D culture at days 5, 7 and 10 indicated a delay in the increase of ALP activity in the 3D hydrogel. A marked increase in ALP activity was detected between days 10 and 14. Therefore, the 3D culture system exhibited an equivalent level of ALP expression as that of the 2D culture, indicating a delayed but comparative capacity of mineralization.

Moreover, the 3D system induced the higher expression of SOST, OPG and RANKL genes compared with the 2D system. These markers are expressed by mature cementocytes and act as key cytokines in mechanotransduction and mineral metabolism ([@b45-etm-0-0-9074]). As the cementum is the outmost layer of the tooth root, it withstands the stress from mechanical alterations in the oral environment, such as orthodontic therapies. Therefore, it is possible that the 3D culture system in the present study better represented the physiological conditions of cementocytes and induced IDG-CM6 cells to express a higher level of metabolic genes.

The present study also established a static compression loading system to mimic the orthodontic compression force, which is applied to the tooth root. Sustained orthodontic compression has been indicated to initiate sequential events that cause tooth movement, including the matrix and cell strain, which result in cell activation and differentiation. However, the underlying mechanism remains unclear ([@b48-etm-0-0-9074]). To explore the cellular response to mechanical loading, efforts have been made to mimic the microenvironment using *in vitro* models, with cyclic and fluid flow shear stress being primarily been used as the loading force ([@b10-etm-0-0-9074],[@b12-etm-0-0-9074]). The compression system of the present study, which utilized gravity to create a static compression force, has been indicated to better mimic the *in vivo* microenvironment ([@b23-etm-0-0-9074]). The elasticity of the hydrogel has been demonstrated to lead to matrix deformation and strain ([@b26-etm-0-0-9074],[@b49-etm-0-0-9074]), which resemble the *in vivo* matrix strain that is induced by orthodontic forces. The 3D scaffolds have been indicated to embed the cells, and the sparse structure has been revealed to allow the cells to spontaneously form a canalicular network ([@b8-etm-0-0-9074],[@b22-etm-0-0-9074]). In addition, the compression applied to the scaffold has been indicated to prevent direct cell damage compared with the direct forces that are exerted on the monolayer of cells cultured on disks or flasks ([@b16-etm-0-0-9074]).

The force magnitude and duration time of the compression applied in the current study, which are two factors closely associated with cell and tissue responses, can be adjusted via varying the number of stainless beads and the application time. Therefore, the 3D compression system may be an efficient tool for investigation of the biological processes occurring during orthodontic tooth movement and other mechanotransduction pathways.

During orthodontic tooth movement, the forces that are applied on the teeth are directly and indirectly transferred to the cells surrounding the tooth root ([@b50-etm-0-0-9074]). Cells that are sensitive to mechanical stress, including osteocytes and PDL cells, respond quickly to the stimulation ([@b51-etm-0-0-9074]). In the osteocyte-like cell line MLO-Y4, SOST expression has been indicated to decrease under 1 h of compression stress ([@b52-etm-0-0-9074]), while in human PDL cells, SOST and RANKL expression has been reported to increase in 24 h of compression force ([@b51-etm-0-0-9074]). The current study applied a heavy force of 8 g/cm^2^ to examine the response of the cementocytes to compression, and revealed an increase in SOST and RANKL expression, which was consistent with the previous results on PDL cells. However, compared to the previous study regarding with the PDL cells ([@b51-etm-0-0-9074]) and osteocytes ([@b52-etm-0-0-9074]), the response of cementocytes was earlier compared with PDL cells, and comparable to that of the osteocytes, indicating the potential role of cementocytes in early mechanotransduction of tooth movement.

The results of the current study indicated that static compression resulted in increased cell death and expression of osteoclastic markers in cementocytes, while osteogenic markers were inhibited. Moreover, cell viability and the downregulation of OPG and OCN mRNA were indicated to exhibit a force magnitude-dependent pattern, while SOST expression was also associated with the force magnitude. The results of the present study suggested that cementocytes may participate in the modulation of the force-related osteoclast differentiation via the Wnt/β-catenin signaling pathway. These results are consistent with those of previous studies, where animal models have been demonstrated to exhibit root resorption and bone remodeling under compression ([@b53-etm-0-0-9074],[@b54-etm-0-0-9074]). Other *in vitro* studies have also indicated that mechanoreceptor cells, including PDLs and osteocytes, detected forces and activated an intercellular signaling cascade that ultimately results in bone and tooth resorption ([@b11-etm-0-0-9074],[@b55-etm-0-0-9074],[@b56-etm-0-0-9074]). However, the results of the current study are in contradiction with a previous study that utilized fluid flow shear stress on cementocytes, which induced an increased cementogenesis differentiation ([@b6-etm-0-0-9074]). These contradictory results may be attributed to the different type of loading, higher magnitude or longer duration of force employed in these previous studies ([@b6-etm-0-0-9074],[@b16-etm-0-0-9074],[@b35-etm-0-0-9074]). Fluid flow shear stress has been considered to increase cell viability, induce well-organized cytoskeleton formation, increase ﬁlopodia processes and regulate the osteogenic differentiation of osteocytes ([@b57-etm-0-0-9074],[@b58-etm-0-0-9074]). Different types of force have been reported to induce variable cell responses. The cementoblast-like cell line OCCM-30 has been indicated to suppress the expression of bone sialoprotein and increase that of osteopontin under 2,000-4,000 microstrain of cyclic stress, and to upregulate microRNA-146b-5p and downregulate SMAD4 under tension ([@b59-etm-0-0-9074],[@b60-etm-0-0-9074]).

Based on previous findings indicating that mild force caused a continuous and constant tooth movement, while heavy force resulted in a periodical and declining tooth movement ([@b50-etm-0-0-9074]), it can be hypothesized that cementocytes are the potential regulators of compression-induced osteoclast activation, bone resorption and quick tooth movement via regulating the RANKL/OPG ratio, SOST and OCN expression. The cellular response is likely regulated by the magnitude of the force that is applied to the tooth.

The limitations of the current study include the absence of insights into the association between the duration of the force and the cellular response to mechanical loading, which is an important factor in orthodontic therapies. Future studies should explore the cellular crosstalk between cementocytes and adjacent cells such as cementoclasts. Additional studies are required to clarify the mechanism of mechanotransduction and the link between cellular response and tissue remodeling.

In conclusion, the present study established a 3D collagen-based cementocyte model subjected to continuous compressive loading, which simulated the microenvironment of cellular cementum under orthodontic force. The cementocyte-like cell line IDG-CM6 maintained a cementocyte profile in the model and was sensitive to pressure loading in association with the magnitude of force. The present study has revealed that cementocytes possibly function as stress receptors of the tooth in the mechanotransduction process during orthodontic tooth movement. These results expand our knowledge of the biological processes of orthodontic tooth movement and root resorption. This reproducible model is a potential tool for additional studies and for in-depth research on novel therapeutics for tooth movement acceleration.
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![Illustration of the compression loading system. (A) The sterilized stainless-steel beads were added in a plastic cylinder. The cylinder was placed onto the gels. The gravity of the appliances was used to replicate the static compression applied on the cementum. (B) The IDG-CM6 cells were cultured in the 3D scaffolds. Before the compression was applied, the diameter of the gel was measured, and the gel was transferred in a 12-well plate. The force magnitude was adjusted by the number of beads and calculated using the following formula: P=4m/πd^2^. P, pressure; m, total mass of the beads and cylinder; d, diameter; 3D, three-dimensional.](etm-20-04-3174-g00){#f1-etm-0-0-9074}

![Morphology and GFP expression of the IDG-CM6 cell line. (A) IDG-CM6 cells in proliferation conditions which were multi-dendrite cells without GFP expression, and in differentiation conditions for 28 days where cell clusters formed and high levels of GFP expression (green staining, white arrows) was detected both in the 2D and 3D cultured group. Black arrows indicate IDG-CM6 cells observed under light microscopy. (B) The proliferation rate of IDG-CM6 cells under proliferation (day 0) and differentiation conditions (day 3-35) was detected using Cell Counting Κit-8 assay. The y axis indicates the absorbance at 450 nm. Data are presented as the mean ± standard deviation. ^\*^P\<0.05, between 2D and 3D groups on days 0 and 7. Scale bars, 20 µm. 2D, two-dimensional; 3D, three-dimensional.](etm-20-04-3174-g01){#f2-etm-0-0-9074}

![Differentiation of the IDG-CM6 cell line in the 3D scaffold. (A) DMP1-associated GFP expression was detected via fluorescence microscopy and (D) quantified. GFP protein (indicated as green in panel A) was quantified in relative fluorescence units and normalized to the total protein concentration. (B) Alkaline phosphatase activity was detected by ALP staining and (C) quantified in µmol p-nitrophenol phosphate produced per min per mg protein. Relative mRNA expression of (E) RANKL, (F) OPG and (G) SOST genes normalized to GAPDH. The differentiation at 0 and 7 days was compared in the 2D or 3D groups. Data are presented as the mean ± standard deviation. ^\*^P\<0.05. Scale bars, 20 µm. 2D, two-dimensional; 3D, three-dimensional; GFP, green fluorescent protein; ALP, alkaline phosphatase; RANKL, receptor activator of NF-κB ligand; OPG, osteoprotegerin; SOST, sclerostin; DMP1, dentin matrix protein 1.](etm-20-04-3174-g02){#f3-etm-0-0-9074}

![Cell viability and gene expression under static compressive loading. (A) LIVE/DEAD staining at x40 magnification of IDG-CM6 cells under compression of 8 g/cm^2^ for 6 h and without compression (Ctrl). Inset, merged images at x400 magnification. Living cells were stained green, while dead cells were stained red (white arrows). The number of red-stained cells was higher in the compression group than in the control group. The numbers of living and dead cells were counted, and the ratio of living vs. dead cells was calculated. (B) Association between the cell viability and force duration when 8 g/cm^2^ force was applied. ^\*^P\<0.05 between each timepoint vs. 0 h. (C) Association of the cell viability with the force magnitude when force was applied for 6 h. ^\*^P\<0.05 between each magnitude vs. ctrl. (D-F) Relative mRNA expression of (D) RANKL, (E) OPG and (F) SOST normalized to GAPDH in IDG-CM6 cells in response to 8 g/cm^2^ force. The mRNA expression was compared between the control and the loading group, and the loading groups were compared relatively to the force duration. Data are presented as the mean ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 and ^\*\*\*\*^P\<0.0001. Scale bars, 20 µm. Ctrl, control; ns, not significant; RANKL, receptor activator of NF-κB ligand; OPG, osteoprotegerin; SOST, sclerostin.](etm-20-04-3174-g03){#f4-etm-0-0-9074}

![Relative mRNA expression of IDG-CM6 cells when subjected to varying force magnitudes for 6 h. Relative (A) OPG and (B) RANKL mRNA expression normalized to GAPDH. (C) The ratio of RANKL to OPG mRNA expression. (D) Relative SOST and (E) OCN mRNA expression normalized to GAPDH. The values were compared with that of the control group and between different force magnitudes. Data are presented as the mean ± standard deviation. ^\*^P\<0.05. Ctrl, control; ns, not significant; RANKL, receptor activator of NF-κB ligand; OPG, osteoprotegerin; SOST, sclerostin, OCN, osteocalcin.](etm-20-04-3174-g04){#f5-etm-0-0-9074}

###### 

List of primers used for reverse transcription quantitative PCR.

  Gene    Forward primer (5\'-3\')   Reverse primer (5\'-3\')
  ------- -------------------------- --------------------------
  GAPDH   ATGTGTCCGTCGTGGATCTG       TGAAGTCGCAGGAGACAACC
  OPG     ACCCAGAAACTGGTCATCAGC      CTGCAATACACACACTCATCACT
  RANKL   CAGCATCGCTCTGTTCCTGTA      CTGCGTTTTCATGGAGTCTCA
  SOST    AGCCTTCAGGAATGATGCCAC      CTTTGGCGTCATAGGGATGGT
  OCN     CTGACCTCACAGATCCCAAGC      TGGTCTGATAGCTCGTCACAAG

OPG, osteoprotegerin; RANKL, receptor activator of NF-κB ligand; SOST, sclerostin; OCN, osteocalcin.
